Determination of trace concentrations of sulfur components in natural gas is a true analytical challenge. Only analytical procedures based vn gas chromatography can meet the sensitivity and accuracy requirements dictated by environmental regulation institutions and modern chemical industry. In the present contribution the sample pretreatment and chromatographic separation steps have heen evaluated and optimized based on the use of a flamebased sulfur chemiluminescence detector (SCD) for target compound detection.
Introduction

Background Information
Natural gas is a well-known source of energy of ever increasing importance [ I] . Moreover, natural gas is also used as a starting material in many large-scale chemical processes. The composition of natural gas varies according to its origin. Apart from its main constituent methane, it contains higher hydrocarbons, helium, nitrogen, and carbon dioxide. Moreover, natural gas often also contains sulfur components. Due to their toxicity, corrosive properties, and adverse effects on catalyst performance, a number of analytical procedures exist aiming at the analysis of these components in natural gas samples. The group of components that should be analyzed includes hydrogen sulFide, carbonyl sulfide, the CI to C4 mercaptans, lower sulfides and odorants, such as for example tetrahydrothiophene (THT), added to the gas to impart a characteristic smell for safety purposes.
Standardized methods for the determination of sulfur species in natural gas have been published by the International Organization for Standardization (ISO) [2-71. These methods can be classified as either conventional techniques (Wickbold, Lingener) or modem instrumental techniques (GC) . In the most recent method, IS0 standard 6326-4 [6] , the sulfur components are separated using a temperature programmed 1.2 m x 2 mm column packed with styrene/divinylbenzene porous polymer beads (80 -100 mesh) and detected with a sulfur-selective flame photometric detector (FPD). The detection limit is approximately 0.1 mg 3 S/m . The IS0 method 6326-4 yields the concentrations of the individual sulfur components in the gas. The total sulfur concentration can then be obtained by summing the equivalent S-weights of the individual components. The chromatographic separation procedure incorporated in IS0 6326-4 provides sufficient separation for all sulfur components. Unfortunately, however, it still has a number of problems, most of which originate from the use of flame photometric detection. The selectivity of the flame photometric detector (FPD) is limited and although fairly selective, this detector still responds to high concentrations of non-sulhr components. Moreover, high concentrations of hydrocarbons coeluting with a sulfur containing component can quench the sulfur signal. Finally, the response of the FPD is inherently non-linear and often compound dependent. For these reasons, the concentration of the sulfur species to be determined is limited to 3 the range of 0.1-30 mg S/m .
For routine natural gas analysis, the detection limits and the reliability of the analytical results achievable by GC with FPD detection are within the desired range. More stringent environmental regulations as well as higher demands currently being posed on the purity of natural gas feed-stocks for chemical processes, however, force analytical chemists to develop new analytical methods that allow the accurate and reliable determination of sulfur in natural gas at concentrations well below the limits currently achievable. For these new methods the detection limits should be around 0.01 mg S/m3. Table 1 gives the composition of a typical Dutch natural gas [S]. The complexity of the natural gas matrix and the extremely low detection limits required make sulfur determination in natural gas a typical example of analyses at trace levels in acomplex and interfering matnx. In this situation the analytical methods employed often require the use of selective preconcentration/enrichment techniques. Only if this step and the subsequent separation and detection are carefully optimized. it is possible to meet the required sensitivity limits with an acceptable level of reliability.
When the detection system that is to be used for detection of the sulfur components in the gas sample has been selected, the requirements that have to be met by the sample introduction step and the required quality of the chromatographic separation are known. From the detection limits of the detector and the required minimum detectable concentration in the gas sample the amount of natural gas that has to be introduced onto the column can be calculated. Next, the selectivity and the quenching behavior of the detector determine the required quality of the preseparation and the actual chromatographic separation.
Sample Pretreatment -Sulfur Selective Enrichment
The sulfur chemiluminescence detector (SCD) has been commercially available for about seven years. Sulfur chemiluminescence detection is based on the reaction of SO formed during combustion of sulfur species with ozone to form electronically excited SO;. For combustion the original SCD used a hydrogen rich FlD flame. An advantage of this approach is that SCD and FID signals are obtained simultaneously. More recently, aflameless SCD was introduced. This instrument uses a catalytic converter to combust sulfur species to SO. The latter instruments has a slightly improved sensitivity and selectivity relative to the flame-based SCD.
In a previous publication [9] we have already pointed out that the SCD is the best choice for sulfur determination in natural gas. The detection limit of the flame-based SCD used in the present work is approximately 15 pg of sulfur if the detector optimized for being quenching-free [9] . This, together with the required detection limit of 0.01 mg Urn3, means that the injection volume must be approximately 1.5 mL. For a reliable quantitative analysis in a real sample, however, a safety margin of a factor of 5 to 10 is generally included. This means that in order to meet the desired quantification limits at least some 15 mL of natural gas have to be introduced onto the GC column. More precisely, the sulfur compounds from some 15 mL of natural gas have to be retained in some type of an adsorption device while at the same time the hydrocarbons from this sample are eliminated as completely as possible. This is necessary because of detector selectivity constraints (see below).
The SCD, employed in the present study, has a Sulfur-over-Carbon selectivity better than about 1 06. The required sulfur detection limits in the present study were 0.01 mg S/m3. At a selectivity value of lo6 this means that the detection limit for the hydrocarbons is 10 g C/m . Hydrocarbons that are present at concentra-3 tions in excess of this value will show up as peaks on the sulfur selective SCD chromatogram. To avoid the risk that such peaks are incorrectly identified as sulfur components it is desirable to eliminate these components in the sample preparation step. For the particular case of the average Dutch natural gas ( In the present study some eight different adsorption materials were investigated on the basis of the properties specified above.
In particular the ability of the materials to retain sulfur species while at the same time hydrocarbons can be eliminated was evaluated.
Chromatographic Separation
As indicated above the flame-based SCD employed in this study is, after careful optimization, quenching free over a wide concentration range [9] . This means that the sulfur components do not have to be separated from the interfering hydrocarbons. They, however, still have to be efficiently separated from each other to avoid errors in quantitation. The column chosen should give sufficient resolution for volatiles as for example COS and H2S, which is the most critical cluster, while at the same time show no band broadening for high boiling component such as butylmercaptan (BUSH) and tetrahydrothiophene (THT). Moreover, the column should not give rise to adsorption losses, a problem which is very characteristic for sulfur components.
Application to Nuturul Gas Samples
The selection of a suitable adsorption material and a capillary column results in the proposal of an instrument, which has been tested using real natural gas samples. The new procedure was evaluated in terms of sensitivity, accuracy and precision. Permeation devices were used to generate gas calibration mixtures. The use of permeation tubes has been preferred over diffusion devices and gas standard cylinders [16] owing to their better accuracy, precision and stability of generated concentrations, minimal risk of adsorption losses and ease of use.
Experimental
Chemicals and Samples
For the investigation of the properties of the different adsorption materials mixtures of sulfur compounds were made-up in glass vials. The first (gaseous) mixture contained H2S and COS in hydrogen (dilution gas) at concentrations of about 5% (vh) of the former and 1% (vh) of the latter. Ethylmercaptan (EtSH), dimethyl sulfide (DMS), and iso-propylmercaptan (i-PrSH) were injected as pure liquids (10 pL each) together with butylmercaptan (n-BuSH) and THT (20 pL pure liquid each) into a 2 L glass vial washed with methanol and acetone before use. Methane, ethane, propane, and butane were used as pure gases. The alkanes pentane up to decane were introduced as a liquid mixture, which was prepared by mixing 10 pL of the pure liquids. For analysis, 10 pL of each gas or gas mixture and 1 pL of the liquid solution was injected. The FID was employed for the analysis of the alkane mixtures, while sulfur compounds were analyzed using the SCD.
Eight adsorbents were studied experimentally. The ideal adsorbent quantitatively retains sulfur components from a large volume of gas while at the same time showing no interaction with the sulfur-free species (hydrocarbons). An overview of the properties of these adsorption materials is presented in Table 2 . All materials were purchased from Chrompack (Bergen op Zoom, the Netherlands), Table 2 . Propertics of investigated adsorption materials.
For the column evaluation a gaseous standard mixture containing eight sulfur components in methane was used. HzS, COS, MeSH, EtSH, i-PrSH, n-PrSH, BUSH, and THT are present a1 ppm concentration levels. The gas standard cylinder was purchased from Scott Specialty Gases (Breda, the Netherlands).
Natural gas samples with sulfur components at various concentration levels from different locations within the Netherlands were supplied by Gasunie Research (Groningen, the Netherlands) in aluminum bottles.
Instrumental Set-up
The gas chromatograph used throughout the work was an HP 5890A GC (Hewlett Packard, Avondale, PA, USA). The oven temperature was programmed as follows: 30 "C (5 min) to 150 "C at 20"/min unless stated otherwise. For the evaluation of the PLOT columns the oven temperature was set isothermally at different levels (see Result and discussion section).
A PTV injector (KAS 11) was purchased from Gerstel (Mulheim a/d Ruhr, Germany). Different initial temperatures were used.
Liquid C02 cooling was employed. The injector was heated with a rate of 5 "/u to a desorption temperature of 170 "C or 180 "C (3 minutes). The PTV employed either an empty glass liner or a glass liner packed with a preconditioned adsorption material. The splitless time was set at 2 min.
Tn order to obtain narrow input bands a simple cryofocusing device was employed. A DKK Cry0 focusser (DKK Corporation, Tokyo, Japan) was used for refocusing the components at the column inlet. Helium was used as carrier gas with a column head pressure of 10 psi. The total flow rate was set at 100 mL/min unless stated otherwise.
For generating calibration gas mixtures two permeation tubes were used. A COS permeation tube with a loss rate of 450 ng/min (*25% at 30°C) and a MeSH permeation tube with a loss rate of 39 ng/min/cm (*lo% at 30°C) (VICI Metronics. Santa Clara, CA, USA) were purchased from Bester (Amstelveen, the Yetherlands). These permeation tubes were inserted into the oven of a DKK Model GST-1 calibration gas generator (DKK Corporation). The temperature was set to 30°C. Air was used as the dilution gas at a flow rate of 200 mL/min.
The detection system used was a Sievers SCD 350B purchased from Gerstel Benelux B.V. (Brielle, the Netherlands). The SCD is mounted on top of the FID using an adjustable adapter (Gerstel). The temperature of the FID housing was set at 250 "C. The hydrogen flow was 195 mL/min and air 400 mL/min. Pure oxygen with a flow rate of 50 mL/min was used for the SCD ozone generator.
A two-channel Nelson Omega 5.2 data system (Perkin-Elmer, Norwalk, CT, USA) was used for collecting data from both the FID and SCD simultaneously.
Gaseous and liquid samples used in the experiments for the adsorption material investigation were injected into the PTV injector using gas-or liquid-tight syringes, respectively. The injection volume was 10 pL for the gaseous mixtures and 1 pL for the liquid mixtures of higher alkanes. For column investigation and optimization and real natural gas analysis agas sampling valve was used to introduced the gas samples into the PTV. This was six-port VICI AG Valco Europe (Schenkon, Switzerland) equipped with a 1 mL, 13 mL, or 100 mL sample loop, respectively. Sample loops were made from PTFE tubing. A schematic diagram ofthe instrumental set-up is shown in Figure 1 . 
Experimental Procedures
Adsorption Material InveJtigcltion
The properties of the materials with respect to the selective enrichment of sulfur from natural gas were evaluated in a series of model experiments. The adsorption material to be investigated was packed into a glass liner of the PTV injector, held in place by two small plugs of deactivated glass wool. The total mass of adsorbent used was 15 to 20 mg, resulting in a bed with a length of approximately 4 cm. The packed liner was then conditioned under helium at a temperature about 20°C above the desorption temperature used in subsequent experiments. Care was taken not to exceed the maximum allowable temperature of the material.
The sulfur mixtures and the normal alkanes were introduced into the PTV liner at sub-ambient initial temperature (-75°C and -60°C respectively). The liner, still held at sub-ambient initial temperature, was then purged with helium at a flow rate of 100 mL/min. In this step the actual elimination of the hydrocarbons occurs. After purging the liner with helium for some time the split valve wa\ c h e d and the liner was heated to the desorption temperature. Simultaneously the oven temperature program was started and the chromatogram was recorded. Finally, recoveries of the sulfur species and the alkanes were calculated from peak areas relative to a cold splitless injection. To obtain sharp peaks a (gaseous) CO2 cooled cryotrap was employed. Care was taken to avoid contact between the sulfur species and metal surfaces in this way precluding losses due to (ir)reverrible adsorption.
Sampling Procedure for Natural Gus Analysis
Upon injection of the gas sample the PTV liner is cooled to the adsorption temperature (-75°C). During this stage of the procedure the switching valve is in position A and the split valve in position B (see Figure 1 ) to lead the carrier gas through the sampling valve. Next the content of the sample loop is transferred to the PTV liner by switching the sampling valve from "load" to "inject". Depending on the volume of the sample loop, i.e. 1 mL, 13 mL, or 100 mL, respectively, the transfer times used were increased from 30 5 to 5 min. During sample transfer the sulfur components are trapped inside the liner. The helium flow rate during transfer was 100 mL/min. After completing transfer the liner was flushed with helium for 4 min. at a flow rate of 100 mL/min. Finally the split valve is closed (changed to position A), the temperature programs of both the PTV and the GC oven are started, and the chromatogram is recorded.
The calibration process involved analysis of the external standards prepared using the permeation tubes. For calibration the gas sample in Figure 1 was replaced by the gas standard and the procedure described above was repeated.
Results and Discussion
Adsorption Material Investigation
During the experimental part of the work the influence of various operational parameters on the recoveries of the sulfur species and the alkanes were studied. Table 3 shows the results obtained for the adsorbent Porapak Q at an adsorption temperature of -75 "C, a purge time of 4 min and a purge flow of 100 mL/min. The desorption temperature was 180 "C. The desorption time 2 min. It is clear from the data presented in this table that Porap'ak Q (under these conditions) is not a suitable adsorbent for the present application. The material shows a lack of selectivity. The sulfur compounds are retained quantitatively, but also the alkanes are strongly retained. The material does not meet the requirement that states that methane and ethane (and preferably also propane) should be eliminated completely. Tables similar to Table 3 were prepared for each of the adsorption materials investigated under the different experimental conditions studied. Below a summary of the results is given ( Table 4) .
The purge time used in each experiment was 7 min at a purge flow rate of 100 mL/min. The initial PTV temperature was set at -75 "C. At higher initial temperatures as for example -60 "C H 2 S and COS showed almost immediate breakthrough on most of the adsorption materials investigated. From Table 4 it is also clear that the polar materials have a better selectivity than the non-polar ones. Only polar materials can provide the required selectivity. alkanes before elimination using cold splitless injection technique: PTV tcmperacure program 30°C to 180°C at 12Ws. B -FID chromatogram of the same mixture of alkanes after elimination with APD technique; PTV initial temperature -75"C, purge time 7 min, then programmed to 180°C at 12"CYs. Table 4 . Recoveries of the investigated components using the APD technique with 7 min helium purging (100 mL/min) at -75°C. 
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The best results in terms of sulfur over hydrocarbon selectivity as well as break-through volume were obtained with Chromosorb 104. Under optimized conditions this material allows almost complete elimination of methane, ethane and propane. Butane was retained for only a few percent. The recoveries of all sulfur components were 100%. The break-through volume of the sulfur components of interest on the adsorbent Chromosorb 104 were found to be more than 1 L. The selectivity of this material is illustrated in Figure 2 . Figure 2A gram of an alkane test sample that was used for measuring the recoveries of alkanes. The test mixtures contained the alkanes C2 to C9 and were injected in the cold splitless mode. Figure 2B shows the chromatogram that is obtained when the test mixtures are injected into a cooled liner packed with the adsorbent. After flushing the injector with a helium flow of 100 mL/min for 7 min the hydrocarbons up to C4 were completely eliminated.
In Figure 3 the results of a similar experiment but now with sulfur species are given. Figure 3A shows a cold splitless injection of the test mixtures. Figure 3B shows the chromatogram that is obtained after adsorbing the sulfur species on the adsorbent and flushing it again for 7 min with a high flow of helium. From  Figures 2 and 3 it is clear that the sulfur components are quantitatively retained at conditions under which the lower alkanes are eliminated completely.
It is interesting to compare the elution times of H2S and COS in the two chromatogrdms shown in Figure 3 . Whereas these components are separated when they are injected in the cold splitless mode, coelution occurs when sampling is performed using the APD technique. This is due to the preseparation that occurs in the packed liner. In the case of the cold splitless injection an empty liner was used. Hence, the observed separation is caused by the capillary column solely. If, on the contrary, a packed liner is used for preconcentration, a partial preseparation occurs in the liner. The system basically behaves as a multidimensional set-up. A preseparation occurs on the packed liner, which in principle closely resembles a short packed column. Unfortunately, elution from the liner occurs in a reverse order as compared to that on the capillary column. The result is poor resolution between the H2S and the COS peak at the end of the chromatographic column. This problem can easily be solved by incorporating a more efficient cold trap in the set-up or by using a separation column with a more retentive stationary phase (see also Section 3.2).
The keyword in the analysis of trace concentrations of sulhr components innatural gas is selectivity. From the study described above the adsorbent Chromosorb 104 was found to have the best sulfur compound to hydrocarbon selectivity and loadability among the eight adsorption materials investigated. The breakthrough volume of the Chromosorb 104 material is well above the 15 mL required to meet the specified detection limits. The PTV-based instrumentation for selective enrichment is easy to use and cheap in comparison with dedicated adsorption/thermal desorption instruments. As there is no transfer line between the adsorption unit and the GC the risk of loosing sulfur components by adsorption is minimized.
Column Investigation
Four different columns were evaluated in terms of separation power and analysis time for the separation of the sulfur species of interest.
Non-Polar Thick-Film Column (35 m x 0.32 mm x 1. I pm
The volatility, polarity, adsorptivity, and reactivity of the investigated sulfur components logically lead to the choice of a nonpolar thick-film column for their separation. A column with a low phase ratio will give sufficient retention to the volatile compounds investigated in our study. Figure 4 shows an SCD chromatogram of the sulfur gas mixture on a 1.1 Fm thick-film column (phase ratio 75) using cold splitless injection with a 20 FL syringe. For this purpose the PTV was equipped with an empty glass liner and programmed from 30 "C initially, followed by heating to 250 "C at 12 '/s. The oven temperature was started at 30 "C. It is clear from the figure that at the lowest achievable initial oven temperature, this column gives adequate baseline separation between H2S and COS if syringe injection is used. This, however, is no longer true, when a sample pretreatment procedure based on the APD technique (see Section 3.1) is incorporated in the method. Band broadening is not suf-
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Improved Determination of Sulfur Components in Natural Gas ficiently restored by the C02 cooled cryotrap (Figure 5 ). Therefore, the final separation between COS and H2S is poor.
Ultra Thick-Film Non-Polar Capillary Column (30 m x 0.32 mm x 4 ynz SPBTM-1 SULFUR}
For improving the separation betwcen H2S and COS an ultra thick-film column (df = 4 pm, phase ratio 20) was used. With this column it was expected that a better cold trapping of the components would be obtained. Figure 6 shows a chromatogram of the gaseous sulfur mixture on this column using the APD injection technique. From the figure it can bc Feen that with this thicker stationary phase the cold trapping effect indeed works more efficiently for the lower boiling compounds, i.e. i-PrSH. Despite this the more volatile components still show some peak broadening and tailing.
CurboPLOT Column (23 m x 0.53 mm x 25 ym CarboPLOT P7, Chrompack}
The Carbo PLOT column provided too much retention for the solutes of interest. Therefore, this column could not be used for the analytical problem at hand.
Pora PLOT Column (30 m x 0.53 mm AT Q}
After the experiments with the CarboPLOT column, a 30 m x 0.53 mm AT Q column (equivalent to a PoraPLOT Q column) was used. A chromatogram of the sulfur compounds separated on this column is shown in Figure 7 . As can be seen here an excellent separation between H2S and COS was obtained, even at a high oven temperature (70 "C). Unfortunately, higher boiling components show some band broadening and their detection limits on this column, therefore, are worse than those obtained on the non-polar column. Fromthe study described above, it can be concluded that the 4 pm thick-film SPBTM-l SULFUR column and the AT Q column are the best choices for the separation of sulfur components from natural gas. While the former gives good peak shapes for all components of interest and adequate separation of the most critical peak pair H2S and COS, the latter one provides an excellent Improved Determination of Sulfur Components in Natural Gas
n '.Oseparation for this cluster even at higher initial oven temperature$. The only disadvantage of this column is the slight peak tailing and band broadening for higher boiling components such as THT. This results in somewhat higher detection limits for these components. It should be emphasized here that the SPBT"-1 column gives good results only if it is used in combination with a (C02 cooled) cryotrap. The use of a cryotrap is not necessary if an AT Q column is used. From the evaluatory studies described above it can bc concluded that the optimum instrumental set-up for the detennination of low concentrations of sulfur containing species in natural gas consists of a selective sample enrichment procedure based on selective adsorption of the components of interest on Chromosorb 104, a separation on a non-polar ultra-thick film column (30 m x 0.32 mm x 4 Fm SPBTM-1 SULFUR) in combination with a sulfur selective detection device such as the SCD. In this section such an instrument is constructed ( Figure 1 ' THT does not occur in untreated natural gas. The peak that elutes at the same retention time as THT may be thiophenc, which is often found to be present in petroleum fractions. DL = at the drtection limit;
time and results in more accurate peak area measurements for these two peaks.
If a larger sample loop is used the signal to noise ratio is further improved and also other sulfur components can now be quantified accurately ( Figure 9 . If a 13 mL loop is used the quantitation limit is 0.01 mg S/m (with a signal to noise ratio of approximately 10) and the detection limit is as low as 0.003 mg S/m3
(with a signal to noise ratios of 3). With the set-up which incorporates a 13 mL sample loop it is possible to detect alarge number of sulfur components, which are undetectable if the old standardized method is used.
A summary of the results obtained from the analysis of the same sample (natural gas sample A) by the two methods, new-and standardized is shown in Tahle 5. With the standardized method quantitation was performed using gas standard mixtures taken from calibration gas cylinders. In the new method dynamic generation of calibration standards using permeation devices was employed. This table clearly illustrates the superiority ofthe new method in terms of detectability. Because of the higher overall selectivity of the method the risk of false positive sulfur identification is also greatly reduced. The precision of peak quantitation, expressed by the RSD of three replicate peak area measurements, is generally in the range of 4 -9%. Comparing the COS content in natural gas sample A obtained by both methods we can conclude that the accuracy of the new method is within 10% relative to the standardized method. For other components differences were sometimes observed which are most likely due to losses of the sulfur components from the sample because of adsorptionheaction during storage.
Higher boiling sulfur components such as the higher mercaptans and sulfides are present in natural gas at extremely low concentrations. For these components the newly developed method with a 13 mL sampling loop gives peaks at detection limit level (see Figure 9 and 10). A logical approach for the accurate quantitation of these components is to increase the sample volume. For this purpose a direct sampling technique was employed. The natural gas bottle was connected directly to the transfer capillary which was lead into the injector via an opedclose valve. When the PTV liner was ready at subainbient adsorption temperature, i.e.-75 "C, the carrier gas line was closed and the gas sample line opened. A volumeter was connected to the split vent to control the volume of gas that passed through the PTV liner. After the desiredvolume of natural gas was pumped through the liner, the sampling valve was closed and the carrier gas line opened to purge the liner. The desorption process and the chromatographic run were started simultaneously 4 min afterwards. Chromatograms of sample B are shown in Figure 11 , where the sample volume was 100 mL (A), and 500 mL (B), respectively.
When comparing Figure 11A and Figure 10 it is clear that with larger sample volumes, the detection limits are greatly improved. The sample volume, however, can not be increased unlimitedly. Together with the sulfur components, also the higher hydrocarbons, which are present in natural gas in large numbers and at relatively high concentrations, are adsorbed. These components cannot be eliminated by using longer helium purging times due to their strong interaction with the adsorbent. Large amounts of coeluting hydrocarbons can cause peak broadening of the sulfur species, such as seen from peak No. 4 in Figure 1 1 B. The broadening complicates peak integration and can, hence, lead to quantitation errors. Large hydrocarbon peaks can also show up in the SCD chromatogram despite the extremely high detector selectivity. For example, the peak between peaks No. 5 and 6 in Figure  1 IB can incorrectly be identified as a sulfur peak. If flame-based SCD is used for sulfur selective detection it can easily be verified whether a peak in the SCD signal originates from a sulfur containing component or from a high concentration of an alkane. If the peak is an alkane, a very high peak should also appear on the FID trace. If there is no peak or just a small peak on the FID chromatogram, the SCD peak originates from a sulfur component.
Having simultaneous FID and SCD signals is a very large advantage of the flame-based SCD. If other selective detectors are used one can never be sure that a peak is a sulfur peak and not a very high concentration of an alkane. Whether an alkane peak will show up in the chromatograin of a sulfur selective detector can be calculated from the concentration of the alkane in combination with the selectivity and sensitivity of the detector. In our study a sample volume of 100 mL is used as a safe upper limit.
When a large sample volume, e.g. 100 mL, is used, another important factor, the sampling flow rate, must be taken into consideration. During transfer of the loop contents into the liner, the adsorbent is purged with natural gas for a prolonged period. Due to the non-ideal behavior of natural gas the breakthrough volumes of the adsorbed sulfur species, especially of the most volatile ones H2S and COS, were found to strongly depend on the gas flow rate. It was found that with sampling flow rates up to approximately 50 mL/min, no component loss occurred. At higher sampling flow rates part of the adsorbed COS starts to break through. At a small sample volume, e.g. 13 mL, no effect of the sampling flow rate on the recovery was observed.
Conclusions
The ideal GC-based analytical instrument for sulfur determination in natural gas consists of three components: a selective (preferably on-line) sample pretreatmenvenrichment device, a high resolution chromatographic column, and a sensitive, selective, and quenching-free detector. A programmed temperature vaporizing injector with a liner packed with the selective adsorbent Chromosorb 104 can act as an on-line sample enrichment device. The sulfur components from a large volume of natural gas are selectively collected while the hydrocarbons are either not retained or further eliminated by purging the liner with helium. The enriched sulfur components are then directly transferred to a 4 pm ultra thick-film non-polar capillary column, and separated, The accuracy and precision of peak quantitation is further secured by employing a selective and sensitive sulfur detector, the SCD. With the proposed instrumental set-up equipped with a 13 mL sample loop, the detection limit achiev- 
